The thermal conductivity of particulate composite models is well documented in the literature. This paper attempts to fit the experimental data for the thermal conductivity of polymer nanocomposites to a three-phase Krenchel model. The use of this model is applicable for structures that consist of a polymer matrix, a nanofiller, and an interfacial layer around the nanoparticles. The effect of Kapitza's thermal resistance is implemented in the model along with the assumption that the nanofillers are cylindrical and well connected to each other; however, no parameters related to any type of dispersants or the dispersion techniques are stated in the model. The results of the three-phase Krenchel model were validated using the experimental data of thermal conductivity of multiwall carbon nanotubes embedded in polypropylene matrix nanocomposites. It was found that the model was in good agreement with the experimental thermal conductivity data. Moreover, the results from the model showed that the filler geometrical packing factor was 0.75; consequently, the carbon nanotubes formed bundles of several cylindrical tubes. The length of the interface between the nanotubes and the polymer matrix was around 1 Å. Finally, the thermal conductivity of the composite bundle cylinder was 21.63 W/(m K).
Introduction
Polymer nanocomposites are appealing because by adding a few percentages of certain inclusions, one can preserve the original properties of the polymer matrix, such as low density, easy processability, and flexibility, while improving the other properties like mechanical [1] [2] [3] , electrical [4] [5] [6] , and thermal [1, [7] [8] [9] . For example, electronic devices such as laptops and cell phones require good thermal conductor materials to allow instantaneous heat dissipation so that such devices can maintain a constant and desired temperature. Carbon nanotubes (CNTs) have very high conductivities; as a result, they can be used to alter insulated polymers to achieve the desired instantaneous heat dissipation property. This paper is concerned with the thermal conductivity of polypropylene (PP)-multiwall CNT (MWCNT) nanocomposites.
CNTs are one of the several allotropies of carbon. CNTs are cylindrical in shape and nanometer in diameter size, and can be synthesized as single-wall CNTs, double-wall CNTs, or MWCNTs. Thermal conductivity, which indicates the material's capability to conduct heat [10] , is very high in CNTs. For example, theoretically, CNTs can have very high thermal conductivities that can reach up to 6000 W/(m K) for single-wall CNTs and up to 3000 W/(m K) for MWCNTs [11, 12] . Therefore, it is expected that the thermal conductivity of a polymer can be enhanced by adding a few percentages of CNTs. Thus, they can be used to produce thermally conductive polymer nanocomposites [13] [14] [15] .
In general, heat is transported by two modes: lattice vibration (phonons) and free electrons [16] . In polymers and polymer nanocomposites, the efficiency of the heat transfer depends on the amount of phonon vibrations due to the absence of free electrons. Therefore, to gain the maximum heat transfer, and consequently high thermal conductivity, phonon scattering should be minimized. There is a large interfacial resistance in polymer nanocomposites to heat flow between the nanofiller external surface and polymer matrix [17] . This mismatch causes phonon scattering and consequently a decrease in the expected value of the thermal conductivity. There are several aspects that should be considered to have high thermal conductivity in polymer nanocomposites, such as a strong chemical bond between the nanofiller and the polymeric matrix, and increasing polymer crystallinity [18] .
Theoretical predictions and modeling of nanocomposite thermal conductivity serve not only as useful predictors of the thermal conductivity before manufacturing but also validate the experimental results throughout the development of new nanocomposites. However, appropriately derived nanocomposite polymer models are powerful tools for understanding the macroscopic thermal properties and their microstructure. Thus, the theoretical determination of the effective thermal conductivity of nanocomposites has been researched considerably. Theories and models for transport properties and thermal conductivity for composites are dated back to Maxwell's model [19] . Maxwell derived an analytical model (Maxwell-Garnett effective medium approximation) for calculating the effective thermal conductivity of composite materials. Maxwell's model acts as the foundation for several other models for studying the transport properties of the composites. Unfortunately, Maxwell's model has some limitations, such as it does not take into consideration the interfacial resistance, it requires the dispersed phase volume fraction to be low, and it is valid only for spherical inclusions.
Hasselman and Johnson [20] derived, based on Maxwell's model, another model for calculating the effective thermal conductivity of composite materials. However, Hasselman and Johnson's model is considered a major contribution in composite material thermal conductivity modeling not only because the interfacial thermal resistance is taken into consideration, but also because the effects of the dispersed phase size and shape were also implemented. Nevertheless, this model is similar to Maxwell's model because it is only applicable when the dispersed phase volume fraction is low. In 1986, Benveniste and Miloh [21] proposed a model similar to Hasselman and Johnson's model where the interfacial resistance and the inclusion size effect are taken into consideration. Also, Benveniste and Miloh's model is only valid for small volume fractions of the dispersed phase. However, Benveniste [22] attempted to solve this limitation by developing another model. He modeled the effective thermal conductivity using two micromechanical approaches. However, the two methods generate the same effective thermal expression with inclusions volume fraction up to 0.5 vol%.
In 1992, Every et al. [23] presented a model based on the Bruggeman effective medium theory, trying to increase the applicable range of volume fractions by considering the interaction between fillers. Therefore, Every et al. developed a model for spherical filler composite materials in which Kapitza's radius and the interfacial resistance are employed. However, the model was not used with non-spherical inclusions. Later in 1997, Nan et al. [24] introduced a general effective medium approximation for predicting the effective thermal conductivity of microcomposites as a function of an effective medium approach associated with the effects of the filler thermal conductivity and the matrix, interfacial thermal resistance, filler volume fraction, size, and orientation. Also, Nan et al. in 2003 [25] proposed another simple model to find the thermal conductivity for CNT composites; however, unfortunately, the thermal resistance with the CNT matrix interface was not considered; thus, the predictions were overestimated. Therefore, in 2004, Nan et al. [26] improved the previous model to describe the effect of the interface thermal resistance on the thermal conductivity of CNT composites. The modified model is based on the Maxwell-Garnett theory. Yet, one main assumption of this model was that the CNTs are isolated from each other. Indeed, this assumption is invalid because CNTs can interact with each other even if the CNT percentage in nanocomposites is smaller than 0.1 wt% [27] . Therefore, the model is limited somehow to low volume fractions of CNTs.
In this paper, a model of the effective thermal conductivity for CNT composites is incorporating the matrix thermal conductivity and the filler volume. The proposed model assumes that the thermal conductivity composite materials consist of the thermal conductivity of three phases, including the thermal conductivity of the bulk polymer matrix and that of the composite bundle. Bundles are defined as fillers and a close polymer layer that has different characteristics than the bulk matrix, which, in turn, is a function of Kapitza's thermal resistance. Also, not only does this model take into consideration Kapitza's thermal resistance effect, but it also considers the length and assumes random orientation of the nanotubes. However, this unique model is valid for describing the thermal conductivity of CNT composites in the whole range of CNT loading up to 6.48 vol%. The main objective of this current study is to modify the Krenchel mechanical model to predict the thermal conductivity of the polymer nanocomposite by fitting the proposed three-phase model to available experimental data from the literature. The objective is also to find the composite thermal conductivity, the length of the interface between the CNTs and the polymer matrix, the geometrical packing factor, and the number of MWCNTs in a CNT bundle.
Model
In this paper, the Krenchel mechanical model [28] that has been proposed for investigating the mechanical properties of composite materials was improved to estimate the thermal conductivity of a composite structure. The Krenchel model has been modified according to Eq. (1):
where k c , k m , and k f are the thermal conductivities of the composite, matrix, and filler, respectively; Ø is the volume fraction of filler content; δ l is the fiber length correction factor; and δ 0 is the orientation factor of the filler. The length correction factor (δ l ) can be calculated using Eqs. (2) and (3):
where l is the fiber length, r is its radius, and R is the average distance between fibers normal to its length. Moreover, it is clear that Eqs. (2) and (3) are coupling the dimensions of the filler (i.e. radius and length of the filler) to its thermal conductivity. The expression (R/r) that appears in Eq. (3) is expected to be a function of the volume fraction of the filler (Ø) [29] , as follows:
where ∀ is the filler geometrical packing factor. Originally, the geometrical packing factor was introduced to describe the quantity of fibers in a bundle, the nature of a bundle cross section, and the dimension and shape of the fiber cross section [30] . In order to effectively estimate the thermal conductivity of nanocomposites, a composite bundle cylinder (CBC) model is evaluated and the effect of Kapitza's resistance [31] is included in the evaluation. Thus, the composite material consists of three phases: two phases within the composite bundle (filler fibers and close polymer layer) and the third phase is the bulk polymer matrix.
By assuming that all fillers have a cylindrical shape, the volume fraction of CBC (Ø CBC ) can be calculated from Eq. (5):
where n is the particle number per unit volume and N f is the number of the fibers in a bundle. Also, τ is the thickness of the polymer layer surrounding the filler bundles. Equation (5) can be reduced and rewritten as a function of the volume fraction of the filler (Ø) to become
The CBC has a total volume of the filler bundles plus the volume of the layer surrounding the bundle. So, the thermal conductivity of the CBC (k CBC ) can be derived using the series model as follows:
where Ǿ f is the volume fraction of the filler in the CBC, Ǿ τ is the volume fraction of the layer surrounding the bundle (included in the volume of the composite cylinder), and k τ is the thermal conductivity of the interfacial layer. Moreover, the thermal conductivity of the CBC (k CBC ) in terms of Kapitza's thermal resistance (R x ) can be written as follows:
where τ τ = . 
Results and discussion
To validate the proposed model, recent thermal conductivity experimental data by Mazov et al. [14] were used. MWCNTs embedded in the PP matrix have an average diameter of 22 nm, as indicated in Mazov et al.'s study. The thermal conductivity experimental data are presented in Table 1 . However, the values of the weight fraction of MWCNT were converted to volume fraction using Eq. (10):
where w f , w m , ρ f , and ρ m are the filler weight fraction, matrix weight fraction, filler density, and matrix density, respectively. In this study, the values of the filler and the matrix densities were used as 2.6 and 0.946 g/cm 3 , respectively.
The areas of focus in this study are to find the number of CNTs in each bundle, the thickness of the polymer layer surrounding the CNT bundles, and the thermal conductivity of the CBC of the experimental data. To this goal, the thermal conductivity of PP was taken as 0.2 W/(m K) in the fitting analysis [32] . As CNTs have a wide range of thermal conductivity -for example, single-wall CNTs have a thermal conductivity of 6000 W/(m K), whereas MWCNTs have a thermal conductivity of 3000 W/(m K) [11, 12] -a thermal conductivity value of 3000 W/(m K) was assumed in this study. Moreover, the length of the MWCNT used in Mazov et al.'s study was between 1 and 2 μm [14] ; thus, an MWCNT with an average length of 1.5 μm was used in the calculations. It is significant to mention that the size ranges and the distributions of MWCNTs used in this study were based on transmission electron microscope (TEM) and statistical analyses of 400-500 MWCNTs TEM images with Gatan microscopy suite software, as explained elsewhere [14] . Also, the orientation factor (δ 0 ) is equal to 1 for totally aligned fibers, 3/8 for random two-dimensional alignment, and 1/5 for three-dimensional alignment. In this model a value of 3/8 is assumed [29] .
In this paper, the thermal conductivities of MWCNT-PP composites increased from 0.27 to 0.55 W/(m K) as the weight fraction is increased from 1 to 16 wt%. The thermal conductivity of the matrix [0.2 W/(m K)] is orders of magnitude smaller than that of MWCNT [3000 W/(m K)]. If high thermal conductive fillers are used, it is expected to improve the overall composite thermal conductivity. Theoretically, at 16 wt% MWCNTs, the thermal conductivity for the composite could be as large as 200 W/(m K), based on a simple rule of mixtures. However, the theoretical value of the thermal conductivity of MWCNT is much higher than the bulk experimental value, which takes into account the numerous high thermal contact resistances between the tubes themselves [3000 ≈ 20 W/(m K)] [33] . If this bulk experimental value is selected instead of the theoretical value, the thermal conductivity would be roughly 2 W/(m K), which is still more than one order of magnitude from the values reported experimentally. This low thermal conductivity of the composite can also be explained by the numerous high thermal contact resistances arising between the nanotubes and the PP matrix, which is Kapitza's resistance. Therefore, it is significant to include the effect of Kapitza's resistance in the current model, as shown in Eqs. (8) and (9) [24]. Kapitza's resistance (R x ) has a value of ~10 −7 (m 2 K)/W, which is a distinctiveness of the CNT and polymer matrix [33] .
In addition, the length correction factor (δ l ) was calculated using Eqs. (2) and (3). The geometry of the fiber packing was investigated [34] and found to be one of three identified forms: square packing where the fibers are enclosed by a square where the geometry of the fiber packing is π/4; close packing in which the fibers are in a hexagonal arrangement and the geometry of the fiber packing is /2 3; π and open packing in which fibers are arranged in coaxial layers. In this model, the open packing mode is assumed because it is believed that CNTs are forming bundles of several cylindrical tubes in each bundle. The filler geometrical packing factor is given by Eq. (11) [30, 34] :
where N r is the number of layers and its relationship to the number of fibers, N f , is given by Eq. (12): Figure 1 shows the experimental and the fitted thermal conductivity data of the PP embedded with MWCNT. As shown in Figure 1 , the thermal conductivity enhances with the volume fraction of the MWCNT due to the reinforcement of the particles with much higher thermal conductivity. The experimental results show an improvement by about 275% when 16 wt% of MWCNT was added. A similar study by King et al. [35] on PP embedded with MWCNT shows an enhancement of 240% when 15 wt% of MWCNT was added. Another study by Szentes et al. [36] on MWCNT-PP showed that the thermal conductivity improved by 57% when only 5 wt% MWCNT was added. However, this small improvement was attributed to the fact that the MWCNT used in Szentes et al.'s study was mixed with some talc.
The fitting results of the data are illustrated in Table 2 ; there is an average of 240,000 CNTs in a bundle when a 22 nm diameter of MWCNTs was used. Although the number of MWCNTs per bundle has no scientific significance, this value is used to validate the model. The fitting values can be easily calculated and, there were around 200,000 CNTs in a bundle when a diameter of 5 μm was assumed for the bundle. Also, it can be shown that there were 300,000 CNTs in a bundle when a diameter of 6 μm was assumed for a bundle. Therefore, the average diameter of a bundle when 22 nm MWCNT is used was between 5 and 6 μm. The TEM images in Mazov et al. [14] revealed that the 22-nm MWCNTs form significant twisted agglomerations with a typical size of few microns, which was consistent with the findings from this model. It is worthy to note that the filler geometrical factor (∀) was found to have a value of 0.75 for numerous numbers of fibers [30, 34] . Thus, as about 240,000 CNTs were contained in a bundle, it was expected to obtain a value of 0.75 for the geometrical packing factor. In addition, the results in Table 2 show that the length of the interface region changes if the diameter of the MWCNT changes. The fitted value of the length of the interface is 1 Å when the MWCNT diameter was 22 nm. Also, the results from Mazov et al.'s study [14] show that oxidation of the 22-nm MWCNT surface leads to the formation of carboxylic groups on the surface of samples. At 16 wt% (6.48 vol%), the samples have a thermal conductivity of ~0.53 W/(m K). Meanwhile, the fitted parameters at this point show that the length of the interface layer is 9 Å. This result shows that functionalizing a polymer tends to increase the thickness of the polymer interface layer, and therefore decrease the thermal conductivity of the nanocomposite due to the phonon scattering and discontinuity at the interface. As noted in Figure 1 , the thermal conductivity of the unfunctionalized samples at 16 wt% MWCNT was around 0.55 W/(m K), while the thermal conductivity the functionalized samples of the same MWCNT loading was around 0.53 W/(m K). Thus, the thermal conductivity of functionalized MWCNT samples decreased compared to unfunctionalized samples. This behavior can be attributed to the degree of imperfections and distortions due to functionalization on the external surface.
It is noteworthy at this point to state that the dispersion of CNT in general is highly dependent on the types of dispersant used and dispersion techniques that could result in the different numbers of MWCNTs per bundle and different lengths of the interface. Experimentally, the use of different dispersants such as sodium dodecyl benzene sulfonate, octylphenol-ethoxylate (Triton X-100), and polyvinylpyrrolidone in different solvents for CNT dispersion allows for a wide range of properties. Also, even for the same weight percentages of CNTs in PP matrix, if the dispersion technique is different, the number of MWCNTs per bundle and length of the interface will be different. Such data are important for the calculation to predict the thermal conductivity of CNTs. However, the proposed model in this study is limited to the experimental procedure described in Ref. [14] , as there were no parameters implemented in the model to describe the effect of the dispersion techniques and the types of the used dispersants. Therefore, the Krenchel model in this current format is not able to predict the effect of dispersant type and dispersion techniques on thermal conductivity.
The results of the thermal conductivity of the CBC show that the composite thermal conductivity value was 21.63 W/(m K). This value was obtained from fitting the equation to the overall volume fraction of MWCNTs; thus, this may be considered a way to average all volume fractions. Also, the fitting of the functionalized sample of 22-nm diameter shows an effective thermal conductivity of 9.07 W/(m K). In addition to the fact that first value was an average value, it was also thought that this behavior was due to the higher interfacial thermal resistance, which led to a decrease in thermal conductivity (i.e. lowering or impeding phonon transport) [37] . According to Kochetov, the thermal conductivity of the composite bundle of aluminum nitride nanoparticles embedded in an epoxy resin matrix had a value of 22 W/(m K), which is very comparable to the value obtained in this study [38] . In nanocomposites, the composite bundle thermal conductivity decreases because the interfacial thermal resistance plays a dominant role at this size. However, it is believed that the thermal conductivity of the CBC depends on layer interface thickness when the polymer is functionalized, the proposed three-phase model works better with functionalized polymer, and it is more realistic to assume three-phase models when functionalized fillers are under investigation.
Conclusion
The thermal conductivity of PP embedded with MWCNTs was investigated to understand the structure-property relationships of nanoparticles and polymeric systems in depth. It was found that the interfacial polymer layer, which works as the heat conductive matter, plays a role in the thermal conductivity of polymer composite materials containing functionalized and modified nanofillers. Also, it was found that the Krenchel model is in good agreement with the experimental data because the experimental data were fitted with a high accuracy. In future studies, the nature of the interfacial layer between the nanofillers and the polymer matrix should be investigated as their characteristics are not known in detail. Furthermore, to improve the model, the effects of the types of dispersants and the dispersion methods should be included in the model.
